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1. 

OPTICAL WAVEGUIDESTRUCTURE 

FIELD 

Embodiments of the invention generally pertain to optical 
devices and more specifically towards optical waveguide 
design. 

BACKGROUND 

The transmission of data via optical systems is performed 
by imparting information in some manner onto an optical 
signal. Optical modulators may be used to convert an electri 
cal information carrying signal into an optical modulated 
signal. Currently, modulators are either athermal (i.e., not 
affected by changes in operating temperature of the system, 
which may include modulator and/or light source) and con 
Sume high power, or are highly temperature dependent (i.e., 
readily affected by changes in operating temperature of the 
system) and consume low power. 

FIG. 1 is a diagram of a Mach-Zehnder Interferometer 
(MZI) as known in the prior art. Modulator 100 includes 
optical waveguide splitter 110, optical waveguide re-com 
biner 120, and optical waveguide branches 130 and 140, each 
branch including optically active material. Electrodes 135 
and 145 are associated with waveguide branches 130 and 140, 
respectively. 

Modulator 100 receives light from a light source (e.g., a 
laser) to optical waveguide splitter 110 in order for the light to 
travel along branches 130 and 140. The reunited beam exits 
the modulator at the end of optical waveguide re-combiner 
120. An electrical voltage applied to electrodes 135 and 145 
provides a phase change in the light propagating through 
branches 130 and 140 (i.e., the refractive index of the opti 
cally active material will change based on the Voltage applied 
to the electrodes). 

Thus, when no modulating Voltage is applied to either of 
the electrode sets, light traveling along branches 130 and 140 
arrives at re-combiner 120 in-phase. If a voltage is applied to 
one of the electrode sets, a differential change occurs due to 
the electro-optic effect, and the signals arrive at re-combiner 
120 out of phase. By controlling the modulation voltage to 
one, or both of the electrode sets, MZI 100 may be operated to 
convert a continuous wave into a high bit rate modulated 
signal. 

For high frequency performance, the electrodes of the 
modulators need to be short in device length in order to obtain 
high-speed due to the total device capacitance. If the elec 
trodes are not sufficiently short, to improve the efficiency of 
modulation while keeping a high modulation frequency, the 
light wave and the electrical signal (a radio-frequency elec 
tromagnetic wave) may be made to co-propagate in the mate 
rial. Optoelectronic devices employing co-propagation of 
light and electrical signals belong to a class known as travel 
ing-wave devices; however, traveling-wave devices consume 
more power, and the complexity of their structure is not ideal 
for mass-production. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following description includes discussion of figures 
having illustrations given by way of example of implementa 
tions of embodiments of the invention. The drawings should 
be understood by way of example, and not by way of limita 
tion. As used herein, references to one or more "embodi 
ments' are to be understood as describing a particular feature, 
structure, or characteristic included in at least one implemen 
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2 
tation of the invention. Thus, phrases such as “in one embodi 
ment’ or “in an alternate embodiment appearing herein 
describe various embodiments and implementations of the 
invention, and do not necessarily all refer to the same embodi 
ment. However, they are also not necessarily mutually exclu 
sive. 

FIG. 1 is a diagram of a prior art Mach-Zehnder Interfer 
Ometer. 

FIG. 2A and FIG. 2B are diagrams of optical waveguides 
according to an embodiment of the invention. 

FIG. 3A is a diagram of a Mach-Zehnder Interferometer 
utilizing an embodiment of the invention. 

FIG. 3B is a diagram illustrating capacitance characteris 
tics of an embodiment of the invention compared to the prior 
art. 

FIG. 4 is a block diagram of an optical communications 
system that may utilize an embodiment of the invention. 

FIG. 5 is block diagram of a computing system that may 
utilize an embodiment of the invention. 

Descriptions of certain details and implementations follow, 
including a description of the figures, which may depict some 
orall of the embodiments described below, as well as discuss 
ing other potential embodiments or implementations of the 
inventive concepts presented herein. An overview of embodi 
ments of the invention is provided below, followed by a more 
detailed description with reference to the drawings. 

DETAILED DESCRIPTION 

Embodiments of the invention describe a multi-segment 
optical waveguide that enables an optical modulator to be 
low-power and athermal (i.e., not affected by changes in 
operating temperature of the system, which may include 
modulator and/or light Source) by decreasing the device 
length needed for a given waveguide length. Embodiments of 
the invention describe an optical waveguide, comprising any 
optically active material known in the art, which is folded 
onto itself and thus includes at least two sections. Therefore 
embodiments of the invention may decrease the device length 
of a modulator by at least around a factor of two if the device 
is arranged twofold. It will be clear in view of the example 
embodiments discussed below that optical waveguides 
according to embodiments of the invention may be arranged 
threefold, four-fold, five-fold, and so on. 

Embodiments of the invention further enable the electrode 
length required to create the desired electro-optic effect for 
the multi-segment optical waveguide to be reduced. Further 
more, it will be understood in view of the example embodi 
ments and figures discussed below that electrodes may be 
“shared amongst the different segments of the multi-seg 
ment optical waveguide, thereby reducing the power require 
ment and capacitance of a device having a waveguide of a 
given length. 

FIG. 2A and FIG. 2B are diagrams of optical waveguides 
according to embodiments of the invention. In this example, 
optical device 200 includes a plurality of electrodes, includ 
ing electrodes 201, 202 and 203 (i.e., electrode 202 is comple 
mentary to electrodes 201 and 203). In this embodiment, said 
electrodes are relatively parallel with each other. In other 
embodiments, said electrodes may be aligned in a non-paral 
lel manner. The optically-active material of the waveguide is 
located between the electrodes and is controlled by the elec 
trodes. As described above, any optically-active material 
known in the art may be used—e.g., electro-optical polymers 
(EOPs), ferroelectric oxides (e.g. LiNbO3), piezoelectric 
materials (e.g. PLTZ), and electro-absorption materials (III-V 
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or Germanium quantum well devices, where an electric signal 
controls the absorption of light). 

It is to be understood that optical waveguides according to 
embodiments of the invention are formed by at least two 
materials: core and cladding materials (see, e.g., cladding 
layer 230). Each of the core and cladding materials may 
include the optically active material of the waveguide. For 
example, in one embodiment, only the cladding material is 
optically active (i.e., layer 230 is an electro-optical material). 
In another embodiment, both the waveguide core and clad 
ding layer are formed from optically active material. In 
another embodiment, only the waveguide core is optically 
active. 

Optical device 200 further includes a multi-segment opti 
cal waveguide including segments 211 and 212, connected 
via bend 220. Said bend may comprise any bend tightly 
confined so that light may not escape. In this embodiment, 
segment 211 is positioned between electrodes 201 and 202, 
while segment 212 is positioned between electrodes 202 and 
203 (with a space or gap between said segments and said 
electrodes, so that propagating light will not interact with the 
electrodes themselves); therefore, segments 211 and 212 are 
relatively parallel with each other. 

Optical device 200 may comprise, for example, a phase 
shifter to perform phase shifting modulation. Thus, when 
light propagates through optical waveguide segment 211 and 
an electrical difference (e.g., a Voltage) is applied to elec 
trodes 201 and 202, the refractive index of the optically active 
material comprising optical waveguide segment 211 changes, 
resulting in a phase change in the light propagating through 
said segment. It is to be understood that the same electrical 
voltage may be applied to waveguide segment 212 via elec 
trodes 202 and 203 to produce the same electro-optic effect. It 
is to be further understood that in this embodiment, because 
none of the plurality of electrodes interface with bend 220, 
there is no electro-optic effect produced in this portion of the 
multi-segment waveguide. 

It is to be understood that if each waveguide segment has a 
length of L, then the multi-segment optical waveguide of 
device 200 has a length of approximately 2L i.e., the length 
of both waveguide segments. The overall length of device 200 
is approximately L. Furthermore, electrode 202 is “shared 
between optical waveguide segments 211 and 212, thereby 
reducing the capacitance and the power consumed by device 
2OO. 

Device 250 includes a multi-segment optical waveguide 
that is folded over itself three times (i.e., the device is similar 
to device 200, except it further includes waveguide segment 
213, bend 225 and electrode 204). Thus, the multi-segment 
optical waveguide of device 250 has a length of approxi 
mately 3L, while the overall length of device 250 is approxi 
mately L. Furthermore, device 250 has an effective electrode 
length of 2L (i.e., device 250 has complimentary electrodes 
each totaling 2L in length) thereby having a reduced capaci 
tance and power requirement compared to a prior art phase 
shifter with a waveguide length of 3L (i.e., a device including 
a single segment optical waveguide would similarly require 
complimentary electrodes each totaling 3L in length). 

FIG. 3A is a diagram of a Mach-Zehnder Interferometer 
(MZI) utilizing an embodiment of the invention. In this 
embodiment, similar to prior art MZI 100 of FIG. 1, MZI300 
includes optical waveguide splitter 310, optical waveguide 
re-combiner 320, and two waveguide “branches' 330 and 
340; however, in this embodiment, each waveguide branch 
comprises a three-fold multi-segment optical waveguide, 
similar to the optical waveguide of device 250 of FIG. 2 (thus, 
multi-segment optical waveguide branch330 includes optical 
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4 
waveguide segments 331, 332 and 333, while multi-segment 
optical waveguide branch 340 includes optical waveguide 
segments 341, 342 and 343). 
MZI 300 further includes electrodes 351-357. It is to be 

understood that said electrodes are “shared between optical 
waveguide segments, thereby reducing the effective capaci 
tance and the power consumed by MZI 300 (i.e., a voltage 
applied to electrodes 351 and 352 changes the refractive 
index of optical waveguide segment 331; 352/.353 changes 
the refractive index of segment 332: 353/354 changes the 
refractive index of segment 333: 354/355 changes the refrac 
tive index of segment 341; 355/356 changes the refractive 
index of segment 342; and 356/357 changes the refractive 
index of segment 343). 

Thus, in this embodiment MZI 300 includes optical 
waveguide branches with lengths of approximately 3L, while 
having a device length of approximately L. It is to be under 
stood that in this embodiment, the length of the electrodes of 
MZI 300 (i.e., L) are shorter than the electrical signal wave 
length (i.e., 3L); thus, electrodes 351-357 are more likely to 
behave as lump electrodes, rather than traveling wave elec 
trodes. It is further understood that the number of folds in the 
device may be increased beyond the folds depicted in MZI 
300, so that the electrodes are short enough to behave as lump 
electrodes. 

FIG. 3B is a diagram illustrating capacitance characteris 
tics of an embodiment of the invention compared to the prior 
art. In this diagram, representations of MZI 300 and MZI 100 
(i.e., prior art) are shown. It is understood that the power 
requirement of modulators increases linearly with increasing 
capacitance. Thus it is to be understood that, embodiments of 
the invention reduce the power requirement of modulators of 
a given length due to the folded multi-segment optical 
waveguide and shared electrode structure. 
Assuming both MZI 300 and MZI 100 comprise the same 

waveguide length (e.g., 3L), as described above and shown in 
table 390, MZI 300 will have a shorter device length (L) 
compared to prior art MZI 100 (3L). Furthermore, due to the 
reduced electrode length resulting from the folded multi 
segment optical waveguide, MZI 300 has an effective capaci 
tance of 6C1+3C2 per waveguide segment length (L), while 
MZI 100 has an effective capacitance of 2C1+2C2 per 
waveguide length (3L). Therefore, as shown in table 390, the 
effective capacitance of MZI 300 is 6C1 (L)+3C2(L), while 
the effective capacitance of MZI 100 is 6C1 (L)+6C2(L), 
meaning the capacitance of MZI 300 is 3C2(L) less than the 
capacitance of MZI 100. It is to be understood that the differ 
ence in effective capacitance from prior art MZIs may be 
greater in other embodiments of the invention wherein said 
optical waveguides are folded onto themselves more than 
three times. Capacitance C2 is a parasitic capacitance that can 
also be decreased by a variety of techniques known to those 
skilled in the art. It is expected that C2 can be made signifi 
cantly smaller than C1. 

It is to be understood that due to its shorter electrode length, 
MZI 300 is more likely to not require traveling wave elec 
trodes for high frequency performance. Because the elec 
trodes are Sufficiently shorter than the optical waveguide (i.e., 
L compared to 3L), said electrodes may behave as lump 
elements. It is understood that the number of folds in the 
device may be increased beyond the folds depicted in MZI 
300, so that the electrodes are short enough to behave as lump 
electrodes. It is to be further understood that eliminating the 
need for traveling-wave electrodes reduces the power require 
ment of the device. When electrode length exceeds the lump 
electrode condition, the electrodes need to be of the travelling 
wave type, which require a resistive termination (e.g. 50 
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Ohms), known to incur a high power penalty (and thus 
embodiments of the invention may eliminate this power pen 
alty). It is to be further understood that embodiments of the 
invention may also reduce the design and process complexity 
of the device, making said devices easier to manufacture and 
more Suitable for mass production. 

FIG. 4 is a block diagram of a simplified optical telecom 
munications system utilizing an embodiment of the inven 
tion. System 400 includes transmission circuitry 410, light 
source 420, detector 430 and receiving circuitry 440. Light 
source 420 may transmit optical signals to detector 430 via 
transmission medium 450, which may comprise any func 
tional optical transmission medium known in the art (e.g., 
fiber optic medium). 

Receiving circuitry 440 may include any modulator having 
multi-segment optical waveguides according to any of the 
embodiments described above. Said modulator may perform 
either amplitude (i.e., intensity) or phase modulation on the 
light received from light source 420. 

FIG. 5 is block diagram of a system that may utilize an 
embodiment of the invention. System 500 may be included in, 
for example, a desktop computer, a laptop computer, a tablet 
computer, a netbook, a notebook computer, a personal digital 
assistant (PDA), a server, a workstation, a cellular telephone, 
a mobile computing device, an Internet appliance or any other 
type of computing device. 

System 500 may include processor 510 to exchange data, 
via system bus 520, with user interface 560, system memory 
530, Application Specific Integrated Circuit (ASIC) 540 and 
network connector 550. System memory 530 and ASIC 540 
may further exchange data utilizing optical chip-to-chip con 
nection 590, which may utilize a modulator including an 
optical waveguide according to any embodiment of the inven 
tion. It is to be understood that chip-to-chip connection590 is 
shown to be between system memory 530 and ASIC 540 as an 
example only, and chip-to-chip connections utilizing optical 
waveguide structures according to embodiments of the inven 
tion may be used by any chip in a computing system. Further 
more, computing systems may utilize embodiments of the 
invention in optical data transmissions other than chip-to 
chip connections (e.g., board-to-board connections, system 
data input/output). 

System 500 may further include antenna and RF circuitry 
570 to send and receive signals to be processed by the various 
elements of system 500. The above described antenna may be 
a directional antenna oran omni-directional antenna. As used 
herein, the term omni-directional antenna refers to any 
antenna having a Substantially uniform pattern in at least one 
plane. For example, in Some embodiments, said antenna may 
be an omni-directional antenna Such as a dipole antenna, or a 
quarter wave antenna. Also for example, in some embodi 
ments, said antenna may be a directional antenna Such as a 
parabolic dish antenna, a patch antenna, or a Yagi antenna. In 
some embodiments, system 500 may include multiple physi 
cal antennas. 

While shown to be separate from network connector 550, it 
is to be understood that in other embodiments, antenna and 
RF circuitry 570 may comprise a wireless interface to operate 
in accordance with, but not limited to, the IEEE 802.11 stan 
dard and its related family, Home Plug AV (HPAV). Ultra 
Wide Band (UWB), Bluetooth, WiMax, or any other form of 
wireless communication protocol. 

Various components referred to above as processes, serv 
ers, or tools described herein may be a means for performing 
the functions described. Each component described herein 
includes software or hardware, or a combination of these. 
Each and all components may be implemented as Software 
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6 
modules, hardware modules, special-purpose hardware (e.g., 
application specific hardware, ASICs, DSPs, etc.), embedded 
controllers, hardwired circuitry, hardware logic, etc. Soft 
ware content (e.g., data, instructions, configuration) may be 
provided via an article of manufacture including a non-tran 
sitory, tangible computer or machine readable storage 
medium, which provides content that represents instructions 
that can be executed. The content may result in a computer 
performing various functions/operations described herein. 

It is noted that terms like “preferably.” “commonly, and 
“typically’ are not utilized above to limit the scope of the 
claimed invention or to imply that certain features are critical, 
essential, or even important to the structure or function of the 
claimed invention. Rather, these terms are merely intended to 
highlight alternative or additional features that may or may 
not be utilized in a particular embodiment of the present 
invention. 

Having described the invention in detail and by reference to 
specific embodiments thereof, it will be apparent that modi 
fications and variations are possible without departing from 
the scope of the invention defined in the appended claims. 
More specifically, although some aspects of the present 
invention are identified herein as preferred or particularly 
advantageous, it is contemplated that the present invention is 
not necessarily limited to these preferred aspects of the inven 
tion. Many modifications may be made to adapt the teachings 
of the present invention to a particular situation without 
departing from the scope thereof. 
The invention claimed is: 
1. An apparatus comprising 
a plurality of electrodes including a first electrode, a second 

electrode complementary to the first electrode, and a 
third electrode complimentary to the second electrode, 
each of the plurality of electrodes aligned relatively par 
allel to each other; and 

a multi-segment optical waveguide including optically 
active material and comprising a first segment posi 
tioned between the first and second electrodes, and a 
second segment positioned between the second and third 
electrodes, the second segment to receive light from the 
first segment and to propagate the light received from the 
first segment between the second and third electrodes; 

the refractive index of the optically active material of the 
first segment to change based on an electrical difference 
applied to the first and second electrodes, and the refrac 
tive index of the optically active material of the second 
segment to change based on an electrical difference 
applied to the second and third electrodes; 

wherein the plurality of electrodes further comprises a 
fourth electrode complementary to the third electrode, 
the multi-segment optical waveguide further comprising 
a third segment, to receive light from the second seg 
ment, positioned between the third and fourth elec 
trodes, the refractive index of the optically active mate 
rial of the third segment to change based on an electrical 
difference applied to the third and fourth electrodes. 

2. The apparatus of claim 1, wherein the plurality of elec 
trodes and the multi-segment optical waveguide comprise a 
first branch, the apparatus further comprising: 

a second branch including a second multi-segment optical 
waveguide and a second plurality of electrodes, the sec 
ond multi-segment optical waveguide to include a seg 
ment positioned on the side of the fourth electrode oppo 
site the third segment of the multi-segment optical 
waveguide; 

an input optical waveguide splitter coupled to the first and 
second branches; and 
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an output waveguide re-combiner coupled to the first and 
second branches. 

3. The apparatus of claim 2, wherein each of the plurality of 
electrodes is shorter than the first and second multi-segment 
optical waveguides so as to behave as lump elements. 

4. The apparatus of claim 1, wherein the optically active 
material of each of the first and second segments of the 
multi-segment optical waveguide comprise n-implant and 
p-implant Si regions, and the electrical difference applied to 
the electrodes to comprise a Voltage. 

5. The apparatus of claim 1, wherein the optically-active 
material of the multi-segment optical waveguide comprises 
an electro-optical polymer (EOP), ferroelectric oxide, a 
piezoelectric material, a III-V electro-absorption material, or 
a Germanium electro-absorption material. 

6. A system comprising: 
a light source; 
a modulator including 
a plurality of electrodes including a first electrode, a second 

electrode complementary to the first electrode, and a 
third electrode complimentary to the second electrode, 
each of the plurality of electrodes aligned relatively par 
allel to each other, and 

a multi-segment optical waveguide including optically 
active material and comprising a first segment posi 
tioned between the first and second electrodes, and a 
second segment positioned between the second and third 
electrodes, the second segment to receive light from the 
first segment and to propagate the light received from the 
first segment between the second and third electrodes, 
the refractive index of the optically active material of the 
first segment to change based on an electrical difference 
applied to the first and second electrodes, and the refrac 
tive index of the optically active material of the second 
segment to change based on an electrical difference 
applied to the second and third electrodes, wherein the 
plurality of electrodes of the modulator further com 
prises a fourth electrode complementary to the third 
electrode, the multi-segment optical waveguide further 
comprising a third segment, to receive light from the 
second segment, positioned between the third and fourth 
electrodes, the refractive index of the optically active 
material of the third segment to change based on an 
electrical difference applied to the third and fourth elec 
trodes; and 

a transmission medium, the light source to transmit light to 
the modulator via the transmission medium. 

7. The system of claim 6, wherein the plurality of elec 
trodes and the multi-segment optical waveguide of the modu 
lator comprise a first branch, the modulator further compris 
1ng: 

a second branch including a second multi-segment optical 
waveguide and a second plurality of electrodes, the sec 
ond multi-segment optical waveguide to include a seg 
ment positioned on the side of the fourth electrode oppo 
site the third segment of the multi-segment optical 
waveguide; 

an input optical waveguide splitter coupled to the first and 
second branches; and 

an output waveguide re-combiner coupled to the first and 
second branches. 

8. The system of claim 7, wherein each of the plurality of 
electrodes of the modulator is shorter than the first and second 
multi-segment optical waveguides so as to behave as lump 
elements. 

9. The system of claim 6, wherein the optically active 
material of each of the first and second segments of the 
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multi-segment optical waveguide comprise n-implant and 
p-implant Si regions, and the electrical difference applied to 
the electrodes to comprise a Voltage. 

10. The system of claim 6, wherein the optically-active 
material of the multi-segment optical waveguide comprises 
an electro-optical polymer (EOP), ferroelectric oxide, a 
piezoelectric material, a III-V electro-absorption material, or 
a Germanium electro-absorption material. 

11. A system comprising: 
a processor; 
a memory; and 
an integrated circuit (IC), the IC and at least one of the 

processor and the memory to exchange data via a chip 
to-chip optical interface, the chip-to-chip optical inter 
face to include a modulator comprising 

a plurality of electrodes including a first electrode, a second 
electrode complementary to the first electrode, and a third 
electrode complimentary to the second electrode, each of the 
plurality of electrodes aligned relatively parallel to each 
other, and 

a multi-segment optical waveguide including optically 
active material and comprising a first segment posi 
tioned between the first and second electrodes, and a 
second segment positioned between the second and third 
electrodes, the second segment to receive light from the 
first segment and to propagate the light received from the 
first segment between the second and third electrodes, 
the refractive index of the optically active material of the 
first segment to change based on an electrical difference 
applied to the first and second electrodes, and the refrac 
tive index of the optically active material of the second 
segment to change based on an electrical difference 
applied to the and third electrodes, wherein the plurality 
of electrodes of the modulator further comprises a fourth 
electrode complementary to the third electrode, the 
multi-segment optical waveguide further comprising a 
third segment, to receive light from the second segment, 
positioned between the third and fourth electrodes, the 
refractive index of the optically active material of the 
third segment to change based on an electrical difference 
applied to the third and fourth electrodes. 

12. The system of claim 11, wherein the plurality of elec 
trodes and the multi-segment optical waveguide of the modu 
lator comprise a first branch, the modulator further compris 
1ng: 

a second branch including a second multi-segment optical 
waveguide and a second plurality of electrodes, the sec 
ond multi-segment optical waveguide to include a seg 
ment positioned on the side of the fourth electrode oppo 
site the third segment of the multi-segment optical 
waveguide; 

an input optical waveguide splitter coupled to the first and 
second branches; and 

an output waveguide re-combiner coupled to the first and 
second branches. 

13. The system of claim 12, wherein each of the plurality of 
electrodes of the modulator is shorter than the first and second 
multi-segment optical waveguides so as to behave as lump 
elements. 

14. The system of claim 11, wherein the optically active 
material of each of the first and second segments of the 
multi-segment optical waveguide comprise n-implant and 
p-implant Si regions, and the electrical difference applied to 
the electrodes to comprise a Voltage. 

15. The system of claim 11, wherein the optically-active 
material of the multi-segment waveguide comprises an elec 
tro-optical polymer (EOP), ferroelectric oxide, a piezoelec 
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tric material, a III-V electro-absorption material, or a Germa 
nium electro-absorption material. 

16. The system of claim 11, further comprising: 
an antenna; and 
radio frequency circuitry coupled to the antenna to receive 5 

signal data to be stored in the memory. 
k k k k k 
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